1. Introduction {#sec1-sensors-20-03849}
===============

Dementia due to Alzheimer's disease (AD) is characterized by progressive decline in several areas of cognition, including memory, language and executive functions. The percentage of people with AD increases greatly with age, ranging from 3% in people between 65 and 74 years to 32% in people over 85 years \[[@B1-sensors-20-03849]\]. In 2018, over 50 million population dealt with some kind of dementia, and an increase to 152 million people is estimated by 2050 \[[@B2-sensors-20-03849]\]. Accumulating evidence suggests that AD starts developing in brain 20 years or more before first symptoms, with small, but detectable, alterations \[[@B1-sensors-20-03849]\]. Three main stages can be distinguished: mild AD (AD${}_{MIL}$), moderate AD (AD${}_{MOD}$), and severe AD (AD${}_{SEV}$). AD${}_{MIL}$ is characterized by symptomatic issues as memory loss, language problems, mood changes and decreased judgement arise. In the middle stage, AD${}_{MOD}$, basic functions are affected, hindering patient performance. In the most severe phase, AD${}_{SEV}$ patients are totally dependent on their caregivers and have their verbal and psychomotor skills lost \[[@B3-sensors-20-03849]\]. An intermediate state between normal aging and AD has been described as mild cognitive impairment (MCI) \[[@B4-sensors-20-03849],[@B5-sensors-20-03849]\]. This term is used to refer to individuals who show slight memory impairments and declined thinking skills, but do not meet dementia due to AD diagnostic criteria \[[@B4-sensors-20-03849]\]. MCI has been accepted as a prodromal stage of the disease, since 15--18% of people over 60 years tend to develop MCI, with 8--15% of them evolving to dementia every year \[[@B4-sensors-20-03849]\].

As for the molecular pathogenesis, AD presents several features, such as: neuritic plaques, composed of aggregated amyloid beta protein (A$\beta$); and neurofibrillary tangles, formed by hyperfosforilated tau protein \[[@B5-sensors-20-03849]\]. In 2018, the National Institute of Aging and Alzheimer's Association (NIA-AA) defined a new method to unify the diagnosis of preclinical dementia, MCI and dementia due to AD in different stages, using the presence of A$\beta$, tau protein and neuronal injuries to classify patients into different profiles \[[@B6-sensors-20-03849]\]. Late-onset AD is the most common form of the disease, approximately 20 times more prevalent than early onset AD \[[@B7-sensors-20-03849]\]. It appears in sporadic cases after 65 years old and is a complex disease, with a large number of underlying genetic factors. Tens of genetic variants have been recently associated with the disease through genome wide analyses in tens of thousands of subjects \[[@B8-sensors-20-03849],[@B9-sensors-20-03849]\]. Among them, the largest and most consistent effect has been observed in *apolipoprotein E* (*ApoE*), with the $\varepsilon$4 allele the strongest genetic risk factor for developing AD \[[@B10-sensors-20-03849],[@B11-sensors-20-03849]\]. The *ApoE* protein is composed of 299 amino acids and variation in two polymorphic sites results in three isoforms: *ApoE2* (Cys112, Cys158), *ApoE3* (Cys112, Arg158), and *ApoE4* (Arg112, Arg158), encoded by the $\varepsilon$2, $\varepsilon$3 and $\varepsilon$4 alleles of the *ApoE* gene, respectively \[[@B12-sensors-20-03849]\]. Individuals with one $\varepsilon$4 allele are roughly 4 times more likely to develop AD, and homozygous $\varepsilon$4/$\varepsilon$4 have about 15-times-increased risk, when compared with individuals carrying the most common genotype $\varepsilon$3/$\varepsilon$3 \[[@B13-sensors-20-03849]\].

Different neuroimaging techniques have been used to study these biological changes in the AD patients' brain, such as functional magnetic resonance imaging (fMRI) and positron emission tomography (PET) \[[@B5-sensors-20-03849]\]. fMRI is a sensitive, non-invasive technique, which detects the flow and the oxigenation level of the blood; it is used to assess AD-associated cognitive task-related changes in brain activity \[[@B14-sensors-20-03849],[@B15-sensors-20-03849]\]. On the other hand, PET quantifies the deposition of A$\beta$ plaques using amyloid agents or radiotracers \[[@B14-sensors-20-03849]\]. Both fMRI and PET have limitations, notwithstanding, due to high costs and the need of intravenously injection of radiotracers for PET acquisition \[[@B16-sensors-20-03849],[@B17-sensors-20-03849]\]. For these reasons, the study of alternative low-cost non-invasive methods is of upmost importance for an early diagnosis of AD. Electroencephalography (EEG) is a widely-used low-cost technique that measures brain electrical activity \[[@B15-sensors-20-03849]\]. It is characterized by a high temporal resolution, which is useful to record the transient and highly dynamic nature of brain oscillations. EEG analyses have provided novel insights on how dementia due to AD affects neural activity \[[@B18-sensors-20-03849]\]. In this regard, previous EEG studies showed that MCI and AD patients exhibited higher power in low-frequency bands, and lower in high-frequency bands, than healthy controls (HC), suggesting that dementia due to AD produces a slowing of neural oscillations \[[@B19-sensors-20-03849],[@B20-sensors-20-03849]\]. In addition, EEG coherence has been used to detect alterations in brain regional connectivity; specifically, a decrease of alpha coherence in temporal, parietal and occipital regions and an increase of delta coherence in frontal and posterior regions for AD patients \[[@B21-sensors-20-03849]\]. Moreover, non-linear analyses also identified changes in brain patterns through the analysis of entropy metrics and complexity measures, associating AD with a decrease irregularity and complexity of brain activity \[[@B22-sensors-20-03849],[@B23-sensors-20-03849],[@B24-sensors-20-03849],[@B25-sensors-20-03849],[@B26-sensors-20-03849],[@B27-sensors-20-03849],[@B28-sensors-20-03849],[@B29-sensors-20-03849]\].

Several studies have studied the relationship between EEG measurements and *ApoE* $\varepsilon$4 allele \[[@B30-sensors-20-03849],[@B31-sensors-20-03849],[@B32-sensors-20-03849],[@B33-sensors-20-03849]\]. Ponomareva et al. \[[@B30-sensors-20-03849]\] analyzed resting EEG signals in AD patients, unaffected first degree relatives of theirs, and unrelated control subjects, stratifying them by *ApoE* genotype. Resting EEG parameters of AD relatives and age-matched healthy controls showed to be indistinguishable. Among AD patients, $\varepsilon$4 carriers showed a higher decrease of alpha relative power than $\varepsilon$4 non-carriers. Interestingly, under hyperventilation, the presence of $\varepsilon$4 allele in AD relatives was associated to the manifestation of synchronous high-amplitude delta and theta activity and sharp waves, a decrease of relative power in alpha and an increase in delta and theta frequency bands. In other study, Canuet et al. \[[@B31-sensors-20-03849]\] assessed correlations between spatial patterns and *ApoE* genotype on resting-state oscillations and functional connectivity in AD patients. AD $\varepsilon$4 carriers showed reduced alpha activity in the left inferior parietal and temporo-occipital cortex compared to non-carriers. In addition, a decreased alpha 2 (10--13 Hz) connectivity pattern in AD was reported, involving the left temporal and bilateral parietal cortex. Moreover, several brain regions exhibited an increased lagged phase synchronization in low frequencies, especially in the theta band, across and within hemispheres, where temporal lobe connections were mostly affected. Kramer et al. \[[@B32-sensors-20-03849]\] evaluated the relation between the *ApoE*$\varepsilon$4 genotype and functional connectivity in patients with AD and subjects with subjective complaints. *ApoE*$\varepsilon$4 carriers showed higher synchronization likelihood values in lower and upper alpha bands (8--10 Hz and 10--12 Hz, respectively) in both subjective complaints and AD patients. Moreover, in upper alpha and beta bands AD patients presented lower synchronization values than subjects with subjective complaints, independently from *ApoE* status. On the other hand, Zappasodi et al. \[[@B33-sensors-20-03849]\] studied the correlation between *ApoE*$\varepsilon$4 genotype effect and free copper toxicosis. Higher levels of copper were found in AD patients than in HC subjects and correlated positively with parieto-temporal delta and negatively with parieto-temporal alpha 1 activity (8--10.5 Hz). Furthermore, peroxide levels correlated with higher temporal delta activity in AD patients \[[@B33-sensors-20-03849]\]. In summary, previous studies analyzed the relationship between *ApoE* genotype and brain activity by means of spectral measures \[[@B30-sensors-20-03849],[@B33-sensors-20-03849]\] and functional connectivity metrics \[[@B31-sensors-20-03849],[@B32-sensors-20-03849]\]. However, the relationship between the non-linear properties of the EEG and *ApoE* gene has not been explored yet. As non-linearity is an inherent property of the brain \[[@B34-sensors-20-03849]\], non-linear techniques (i.e., entropy methods and complexity estimators) would give a better understanding on how *ApoE* genotype affects to the non-linear behavior of the neural dynamics \[[@B35-sensors-20-03849]\]. Entropy methods, such as approximate entropy, sample entropy or permutation entropy, have been previously used to quantify the EEG irregularity loss in AD \[[@B22-sensors-20-03849],[@B25-sensors-20-03849]\]. However, these methods cannot fully express the physiological dynamics of more complex processes of the brain \[[@B36-sensors-20-03849]\]. On the other hand, complexity estimators have been successfully applied to characterize the brain alterations in AD \[[@B26-sensors-20-03849],[@B27-sensors-20-03849]\]. Therefore, it seems reasonable to apply non-linear parameters and, among them, complexity methods, to quantify the effect of *ApoE* gene on EEG activity. Although several complexity methods can be employed for this purpose (i.e., correlation dimension, multiscale entropy, Higuchi's fractal dimension, etc.), in this study we will apply Lempel--Ziv complexity (LZC) due to its advantages over other complexity estimators: (i) LZC algorithm is very simple to program and compute; (ii) a normalized complexity estimation of the time series can be obtained; (iii) LZC does not require long data segments to be calculated; (iv) for LZC estimation, no parameters need to be specified; and (v) LZC has proved its usefulness to detect complexity changes in AD patients' neural signals \[[@B37-sensors-20-03849],[@B38-sensors-20-03849],[@B39-sensors-20-03849],[@B40-sensors-20-03849],[@B41-sensors-20-03849]\].

Besides the relationship between *ApoE* genotype and the brain electrical activity, cognitive alterations have been previously found in *ApoE* $\varepsilon$4 carriers using fMRI, reporting decreased performance and faster cognitive decline compared to non-carriers \[[@B42-sensors-20-03849]\]. Particularly, several studies on HC subjects have shown that $\varepsilon$4 carriers present abnormal cognitive functions and connectivity patterns while performing the same tasks as non-carriers, not only in old age, but since childhood \[[@B43-sensors-20-03849],[@B44-sensors-20-03849],[@B45-sensors-20-03849],[@B46-sensors-20-03849],[@B47-sensors-20-03849],[@B48-sensors-20-03849]\]. Analyzing these studies, a common point can be found: the medial temporal lobes (MTLs). There is abundant evidence that MTL is the earliest site of AD-associated pathology, since the neurofibrillary tangles characteristic of AD are initially found in there, being later spread dorsolaterally over the cortex \[[@B49-sensors-20-03849],[@B50-sensors-20-03849]\]. Furthermore, there is evidence of greater susceptibility of the left hemisphere to degenerative brain disease due to predominant hypometabolism in this side of the brain \[[@B51-sensors-20-03849]\], which means that these cognitive alterations affect the brain areas differently. These two premises may help to evaluate how *ApoE*$\varepsilon$4 effect is associated with EEG complexity changes in the left temporal lobe.

The aim of this research was to evaluate the effect of the presence of *ApoE* $\varepsilon$4 alleles on EEG along the AD continuum. *ApoE* risk allele effect has been study using fMRI \[[@B43-sensors-20-03849],[@B44-sensors-20-03849],[@B45-sensors-20-03849],[@B46-sensors-20-03849],[@B47-sensors-20-03849],[@B48-sensors-20-03849]\] or spectral analysis methods \[[@B19-sensors-20-03849],[@B30-sensors-20-03849],[@B32-sensors-20-03849],[@B33-sensors-20-03849]\]; however, the present research goes a step further by exploring the association between *ApoE*$\varepsilon$4 allele and non-linear patterns of neural activity across AD progression. Specifically, in the current study we address the following research questions: (i) does *ApoE*$\varepsilon$4 status alter complexity patterns of neural activity? (ii) what are the spatial patterns associated to the alterations in the complexity of EEG that can be linked to this genotype? and (iii) is it possible to establish a relationship between the alterations in complexity EEG patterns and *ApoE* risk allele in the left temporal lobe along the AD continuum?

2. Materials and Methods {#sec2-sensors-20-03849}
========================

2.1. Subjects {#sec2dot1-sensors-20-03849}
-------------

A total of 217 subjects participated in this study: 46 HC, 49 individuals with MCI, and AD patients in different stages of the disease (45 AD${}_{MIL}$, 44 AD${}_{MOD}$, and 33 AD${}_{SEV}$). MCI and dementia due to AD patients were diagnosed in accordance with NIA-AA criteria \[[@B52-sensors-20-03849],[@B53-sensors-20-03849]\], being AD stages established through the Mini-Mental State Examination (MMSE) test \[[@B54-sensors-20-03849]\]. HC were individuals older than 68, with no signs of dementia and no history of neurological or major psychiatric disorders, and MMSE scores higher than 27. Exclusion criteria include history of active or treated neoplasia, history of recent surgery or hypercatabolic states, severe alcoholism or indications of vascular disease in clinical history, as for previous studies \[[@B25-sensors-20-03849],[@B55-sensors-20-03849]\]. All the subjects were unrelated among them and were residents of the North of Portugal or the autonomous region of Castile and Leon, Spain. All subjects, legal representatives, family and/or caregivers gave their written consent to join the study, in accordance with the recommendations of the Code of Ethics of the World Medical Association (Declaration of Helsinki). The project was approved by the Ethics Committee of the University of Porto, Portugal (Report n.${}^{{^\circ}}$ 38/CEUP/2018).

Each of the five groups under study (HC, MCI, AD${}_{MIL}$, AD${}_{MOD}$, and AD${}_{SEV}$) were divided into two subgroups according to the *ApoE*$\varepsilon$4 status: carriers subgroups included subjects with one or more $\varepsilon$4 alleles, whereas non-carriers subgroups consisted of subjects without any $\varepsilon$4 allele \[[@B30-sensors-20-03849]\]. [Table 1](#sensors-20-03849-t001){ref-type="table"} summarizes relevant socio-demographic and MMSE data of the participants. No statistically significant differences between *ApoE*$\varepsilon$4 carriers and non-carriers subgroups were found neither for age (*p*-values \> 0.05, Mann--Whitney U-test), nor gender (*p*-values \> 0.05, Chi-square test), nor MMSE (*p*-values \> 0.05, Mann--Whitney U-test).

2.2. ApoE Genotyping {#sec2dot2-sensors-20-03849}
--------------------

Genome analysis was carried out by collecting saliva from all subjects with the Oragene DNA (OG-500) self-collection kit (DNA Genotek, Ottawa, ON, Canada); alternatively, cotton-steriled buccal swabs were used for patients in more advanced stages of the disease. DNA from the saliva samples, collected with the Oragene kit, was extracted using the prepIT DNA extraction kit (DNA Genotek, Ottawa, ON, Canada), and from the buccal swabs using Citogene extraction kit (Citomed, Odivelas, Portugal) both following the manufacturer's instructions. *ApoE* alleles were determined by sequencing of the variants, SNPs rs74389 and rs7412 using a traditional Sanger sequencing protocol.

2.3. EEG Recording {#sec2dot3-sensors-20-03849}
------------------

For each participant, five minutes of resting-state EEG activity were registered using a 19-channel Nihon Kohden Neurofax JE-921A EEG System at a sampling rate of 500 Hz. Electrode layout followed the specifications of the International 10-20 System, including the following positions: Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T3, T4, T5, T6, Fz, Cz and Pz. EEG recordings were carried out using a common average reference. Subjects were asked to remain eye-closed and awake in a noise-free enviroment to minimize artifact presence. If signs of somnolence were found, subjects were asked to stay awake during the acquisition process.

For each five-minute EEG recording, the next pre-processing steps were followed \[[@B25-sensors-20-03849],[@B55-sensors-20-03849]\]: (i) mean removal; (ii) electrical power line attenuation with 50 Hz notch filter; (iii) bandpass finite impulse response (FIR) filtering with Hamming window from 0.4 to 70 Hz; (iv) independent component analysis (ICA) to eliminate artifact components related to myographic, cardiographic and oculographic noise; (v) segmentation in 5 s epochs; and (vi) visual rejection of artifacted epochs.

2.4. Lempel-Ziv Complexity {#sec2dot4-sensors-20-03849}
--------------------------

LZC is a simple-to-compute non-parametric measure of complexity for one-dimensional sequences of finite length \[[@B37-sensors-20-03849],[@B56-sensors-20-03849]\]. It is related to the number of different substrings and the rate of recurrence along the given sequence, with larger values according to more complex data \[[@B26-sensors-20-03849]\].

Before computing the complexity measure $c\left( n \right)$, the temporal signal must be converted into a binary sequence $P = s\left( 1 \right)‚s\left( 2 \right)‚\ldots ‚s\left( n \right)$ comparing the signal with a threshold $T_{d}$, calculated as the median value due to its robustness to outliers \[[@B57-sensors-20-03849],[@B58-sensors-20-03849]\]. Then, $s\left( i \right)$ is defined by \[[@B57-sensors-20-03849]\]:$$s\left( i \right) = \left\{ \begin{array}{lc}
0 & {if\; x\left( i \right) < T_{d}} \\
1 & {if\; x\left( i \right) \geq T_{d}} \\
\end{array} \right.‚$$ where $x\left( i \right)$ is the *i*-th sample of the original temporal signal.

The discrete sequence *P* is checked from left to right and the complexity counter $c\left( n \right)$ is increased by one every time a new subsequence of consecutive elements is found. This measure can be calculated by the following method \[[@B37-sensors-20-03849],[@B56-sensors-20-03849],[@B57-sensors-20-03849],[@B58-sensors-20-03849]\]:i.Let *S* and *Q* denote different subsequences of *P* and $SQ$ be the concatenation of *S* and *Q*. On the other hand, sequence $SQ\pi$ is derived from $SQ$ after the deletion of its last element ($\pi$ means the operation to eliminate the last element in the sequence). Let $v\left( SQ\pi \right)$ denote the vocabulary of all different subsequences of $SQ\pi$. At the beginning, $c\left( n \right) = 1$, $S = s\left( 1 \right)$, $Q = s\left( 2 \right)$, consequently, $SQ\pi = S\left( 1 \right)$.ii.In general, $S = s\left( 1 \right)‚s\left( 2 \right)‚\ldots ‚s\left( m \right)$, $Q = s\left( m + 1 \right)$, then $SQ\pi = s\left( 1 \right)‚s\left( 2 \right)‚\ldots ‚s\left( m \right)$; if *Q* belongs to $v\left( SQ\pi \right)$, *Q* is a subsequence of $SQ\pi$, not a new sequence.iii.Renew *Q* as $Q = s\left( m + 1 \right)$, $s\left( m + 2 \right)$ and check if *Q* belongs to $v\left( SQ\pi \right)$ or not.iv.Repeat the same steps until *Q* does not belong to $v\left( SQ\pi \right)$. Then *Q* equal to $s\left( m + 1 \right)‚s\left( m + 2 \right)‚\ldots ‚s\left( m + i \right)$ is not a subsequence of $SQ\pi = s\left( 1 \right)‚S\left( 2 \right)‚\ldots ‚s\left( r + i - 1 \right)$, so increase $c\left( n \right)$ by one.v.After that, renew $S = s\left( 1 \right)‚s\left( 2 \right)‚\ldots ‚s\left( r + i \right)$ and $Q = s\left( r + i + 1 \right)$.

These steps have to be repeated until *Q* is the last element of the sequence. Then, the number of different subsequences in *P* is $c\left( n \right)$. To obtain a complexity measure totally independent of the sequence length, the parameter $c\left( n \right)$ should be normalized. If the length of the original sequence is *n*, it has been proved in \[[@B56-sensors-20-03849]\] that the upper limit of $c\left( n \right)$, which is denoted as $b\left( n \right)$, can be expresed by:$$b\left( n \right) \equiv \frac{n}{log_{2}\left( n \right)}‚$$ and $c\left( n \right)$ can be normalized by $b\left( n \right)$:$$C\left( n \right) = \frac{c\left( n \right)}{b\left( n \right)}‚$$ where $C\left( n \right)$ is the normalized LZC.

2.5. Statistical Analysis {#sec2dot5-sensors-20-03849}
-------------------------

Initially, a descriptive analysis was carried out to assess normality and homocedasticity of data distribution. Lilliefors test was performed to evaluate the normality of the data, and Bartlett test was used to study the homogeneity of variances. As LZC results did not meet the parametric test conditions, a non-parametric test was used. For this reason, statistical differences between different groups and between *ApoE* $\varepsilon$4 carrier and non-carrier subgroups were assessed with Mann--Whitney *U*-tests. A false discovery rate (FDR) correction was applied to avoid falsely rejected hypotheses \[[@B59-sensors-20-03849]\]. Signal processing and statistical analyses were carried out using Matlab (version R2018a, Mathworks, Natick, MA, USA).

3. Results {#sec3-sensors-20-03849}
==========

3.1. Global Analysis {#sec3dot1-sensors-20-03849}
--------------------

Grand-average LZC was computed for *ApoE* $\varepsilon$4 non-carrier and carrier subgroups. [Figure 1](#sensors-20-03849-f001){ref-type="fig"} shows the distribution of LZC values for the ten subgroups (carrier and non-carrier subgroups for the five stages of AD continuum: HC, MCI, AD${}_{\mathit{MIL}}$, AD${}_{\mathit{MOD}}$, and AD${}_{\mathit{SEV}}$). Mann--Whitney *U*-tests were computed to evaluate differences between groups along the AD continuum. In this way, statistically significant differences were found for the comparisons: MCI vs. AD${}_{MIL}$, for non-carriers subgroup (marked in [Figure 1](#sensors-20-03849-f001){ref-type="fig"} with red brackets) (*p*-value = 0.0354, *U*-value = 1160, Mann--Whitney *U*-test); and HC vs. MCI, for the carriers subgroup (marked with blue brackets) (*p*-values = 0.0420, *U*-value = 70, Mann--Whitney *U*-test). For both subgroups, LZC decreases from normal aging to severe stages, suggesting a reduction of complexity with AD progression.

On the other hand, statistical analyses were carried out within each group and differences between non-carriers and carriers were observed in HC subjects (marked with black brackets) (*p*-value = 0.0065, *U*-value = 856, Mann--Whitney *U*-test). No differences were found between other subgroups.

3.2. Spatial Analysis {#sec3dot2-sensors-20-03849}
---------------------

In order to obtain local measurements of LZC, a spatial analysis was also performed. EEG channels were grouped into regions of interest (ROIs) \[[@B60-sensors-20-03849],[@B61-sensors-20-03849]\]: left frontal (Fp1, F3, F7), right frontal (Fp2, F4, F8), left central (C3), right central (C4), left temporal (T3, T5), right temporal (T4, T6), left posterior (P3, O1), and right posterior (P4, O2). The results are presented in [Figure 2](#sensors-20-03849-f002){ref-type="fig"}. Compared to non-carrier subjects, HC carriers showed a higher complexity in all brain regions, particularly in temporal ROIs. In the case of the subgroup of MCI individuals, both carriers and non-carriers showed higher complexity levels in temporal lobes than the other subgroups, except HC subjects, with slightly high complexity values for carriers in right frontal ROI. Concerning AD patients, non-carriers showed higher LZC values than carriers, namely in temporal and central ROIs (AD${}_{MIL}$ patients), in left temporal ROIs (AD${}_{MOD}$ patients), and in temporal and central regions (AD${}_{SEV}$ patients).

A statistical analysis was carried out in each ROI to compare LZC values between carriers and non-carriers for each group. Statistically significant differences between HC subjects subgroups were found in left temporal, frontal and posterior regions (left temporal: *p*-value = 0.0242, *U*-value = 861; left frontal: *p*-value = 0.0242, *U*-value = 865; right frontal: *p*-value = 0.0242, *U*-value = 859; left posterior: *p*-value = 0.0242, *U*-value = 863; right posterior: *p*-value = 0.0242, *U*-value = 865; FDR-corrected Mann--Whitney *U*-tests).

4. Discussion {#sec4-sensors-20-03849}
=============

The aim of this study was to test for a relationship between EEG complexity changes due to AD and the dosage of the *ApoE* $\varepsilon$4 allele. For this purpose, resting-state EEG signals were analyzed in 46 control subjects, 49 individuals with MCI, 45 AD${}_{MIL}$ patients, 44 AD${}_{MOD}$ patients, and 33 AD${}_{SEV}$ patients, divided into two subgroups: *ApoE*$\varepsilon$4 carriers and non-carriers.

4.1. Loss of Complexity along AD Continuum {#sec4dot1-sensors-20-03849}
------------------------------------------

We first assessed whether the *ApoE* genotype affects to the complexity patterns of resting-state EEG activity, quantified using LZC. This complexity measure has been used in several studies on dementia due to AD, but none has yet analyzed its role to reflect alterations in neural patterns associated to the *ApoE* genotype. In this regard, our LZC results showed a complexity decrease in AD patients in comparison with HC subjects. Previous studies have also reported a loss of complexity in patients with dementia using different complexity measures, such as Higuchi's fractal dimension, correlation dimension, Lyapunov exponents and neural complexity \[[@B26-sensors-20-03849],[@B27-sensors-20-03849],[@B28-sensors-20-03849],[@B29-sensors-20-03849],[@B37-sensors-20-03849],[@B62-sensors-20-03849]\]. The neurophysiological implications of the EEG complexity reduction in AD patients is not clear, but it might be due to neuronal death, a general effect of neurotransmitter deficiency and/or connectivity loss of local neuronal networks \[[@B34-sensors-20-03849]\].

In our study, differences found on EEG complexity between HC and MCI, and between MCI and AD${}_{MIL}$ groups showed a significant loss of complexity at the MCI development and as AD progresses, which are in line with previous studies \[[@B37-sensors-20-03849],[@B63-sensors-20-03849]\]. Our findings suggest that the decrease on EEG complexity along the AD continuum occurs in both *ApoE*$\varepsilon$4 carriers and non-carriers subgroups. However, the alterations of non-linear neural patterns along AD continuum might be related with the *ApoE*$\varepsilon$4 status, since individuals who carry this allele are more likely to develop AD at younger ages than non-carriers \[[@B1-sensors-20-03849]\]. In fact, this idea is supported by the statistical differences found between non-carrier and carrier HC subjects, which suggests that *ApoE*$\varepsilon$4 allele may be associated with cognitive disturbances even before the manifestation of AD symptoms. This condition has been described as preclinical AD stage, in which subjects do not show any impairment but display AD lesions on postmortem analysis, as abnormal levels of A$\beta$ protein burden \[[@B6-sensors-20-03849]\]. Thus, previous studies have analyzed whether A$\beta$ deposition modifies both EEG and MEG patterns \[[@B64-sensors-20-03849],[@B65-sensors-20-03849]\]. Their results indicate that brain activity is regulated according to A$\beta$ levels, hypothesizing compensatory mechanisms to keep normal cognitive functions \[[@B64-sensors-20-03849],[@B65-sensors-20-03849]\]. In line with these studies, our results suggest that *ApoE* risk allele effect could be associated with early abnormal depositions of A$\beta$ protein, but also with other physiological alterations caused in preclinical AD. In order to check the effect of this gene, several previous studies analyzed the influence of $\varepsilon$4 status in neuroanatomic signatures of subjects in phases previous to AD development. Thereby, Duke Han et al. \[[@B48-sensors-20-03849]\] explored HC older adults, finding that $\varepsilon$4 carriers subgroup displayed greater activation than non-carriers subgroup in multiple right hemisphere regions; whereas Shaw et al. \[[@B43-sensors-20-03849]\] studied healthy children and adolescents, detecting differences in the cortical thickness of the left enthorinal region between $\varepsilon$4 carriers and non-carriers. Both studies found differences between $\varepsilon$4 carriers and non-carriers in stages previous to the development of AD, which is in line with our results.

4.2. Alterations in Spatial Patterns of Complexity Related to ApoE Genotype {#sec4dot2-sensors-20-03849}
---------------------------------------------------------------------------

To answer the second research question devoted to analyzing whether *ApoE* genotype modifies spatial patterns of EEG complexity, we performed a regional analysis. Previous research used different non-linear methods to assess the complexity decrease associated with AD progression and the brain areas involved \[[@B26-sensors-20-03849],[@B63-sensors-20-03849],[@B66-sensors-20-03849]\]. Al-Nuaimi et al. \[[@B26-sensors-20-03849]\] used three non-linear methods (Tsallis entropy, Higuchi Fractal Dimension, and LZC) to evaluate the complexity of each EEG channel and frequency band, obtaining lower complexity values for AD patients compared to HC in all frequency bands. Specifically, the most statistically significant differences were observed in temporal, parietal and occipital areas for LZC. In another EEG study, Zhu et al. \[[@B63-sensors-20-03849]\] compared MCI and control subjects by means of LZC, observing that frontal and temporal complexity values decreased significantly when compared with other regions, which indicated that disturbances in neural activity were heterogeneously distributed across brain regions. This spatial-dependent patterns of alterations was also observed by Escudero et al. \[[@B67-sensors-20-03849]\] that used the multiescale entropy to evaluate EEG complexity in AD progression; their results indicated that AD patients showed a lower complex activity in frontal, temporal, parietal and occipital regions when compared to controls. Although the altered areas differ from each research, that may be caused by different complexity methods and/or the heterogeneity of the databases, all these findings partially agree with our results. They reported higher complexity values in temporal, central and frontal regions in HC subjects, which are progressively reduced as AD advances. Interestingly, these results seem to suggest that, despite the fact that the EEG complexity decreases as the AD progresses, certain brain areas are relatively spared and still show higher complexity than other regions. This idea is supported by the decrease-of-complexity hyphotesis of Lipsitz and Goldberger, which explains that physiological diseases was linked to a generalized loss of complexity in the dynamics of healthy structures, which leads to functional loss and deficits \[[@B68-sensors-20-03849]\].

We also analyzed the association between *ApoE* $\varepsilon$4 alleles and EEG complexity. Our results showed statistically significant differences between non-carrier and carrier HC subjects in left temporal, frontal and posterior regions. Several studies have suggested different hyphoteses for the presence of *ApoE*$\varepsilon$4 alleles on the brain physiology in healthy subjects \[[@B30-sensors-20-03849],[@B43-sensors-20-03849],[@B44-sensors-20-03849],[@B45-sensors-20-03849],[@B46-sensors-20-03849],[@B47-sensors-20-03849],[@B48-sensors-20-03849]\]. Shaw et al. \[[@B43-sensors-20-03849]\] used fMRI to study physiological changes in healthy children and adolescents; they observed that the left enthorinal region was significantly thinner in $\varepsilon$4 carriers than in non-carriers, which might be contributing to an increased risk of developing AD potentially identificable since childhood. Machulda et al. \[[@B47-sensors-20-03849]\] examined the default mode network and the salience network taking into account the *ApoE*$\varepsilon$4 status in elderly HC. Carrier subjects showed reduced connectivity of the posterior default mode network, especially in left MTL, and an increased connectivity in the salience network. In another study, Duke Han et al. \[[@B48-sensors-20-03849]\] investigated the association between the *ApoE* genotype and brain responses to verbal paired-associated learning in cognitively normal older adults. *ApoE*$\varepsilon$4 carrier group showed greater activation in right hemisphere areas than non-carrier subjects, suggesting that compensatory mechanisms related to a right hemisphere regions network might be involved. Bookheimer et al. \[[@B44-sensors-20-03849]\] evaluated the effect of the *ApoE* genotype in healthy subjects performing memory tasks in comparison with resting periods, and observed that, in learning or recall periods, MRI signal intensity increased in left inferior frontal region, right prefrontal cortex, transverse temporal gyri, left posterior temporal region, and inferior parietal region. However, the intensity of activation in learning or recall periods was greater in *ApoE*$\varepsilon$4 carriers than in non-carriers. All these conclusions can be supported by our results, explaining differences between LZC values of $\varepsilon$4 non-carrier and carrier HC subjects based on neuroanatomical changes, which might indicate more susceptibility to neurodegeneration, revealing potential risk of possible dementia before its clinical onset.

4.3. Alterations in the Left Temporal Lobe Related to ApoE Genotype {#sec4dot3-sensors-20-03849}
-------------------------------------------------------------------

Finally, the third research question addressed the role of the left temporal lobe to establish a relationship between the EEG complexity patterns and *ApoE* $\varepsilon$4 allele. It is known that MTL structures are the earliest brain regions of AD-associated pathology \[[@B50-sensors-20-03849]\]. For this reason, significant differences in the measurements observed in HC left temporal lobe may be a consequence of neuropathological alterations in these regions. As seen in [Figure 3](#sensors-20-03849-f003){ref-type="fig"}, a relationship between LZC in left temporal ROI and $\varepsilon$4 allele dosage can be established. LZC values in *ApoE*$\varepsilon$4 non-carriers are lower in this brain region than in carriers for HC group. Along the AD continuum, this difference (non-carriers minus carriers) is still negative in MCI stage; however, it becomes positive for the three AD groups, keeping quite stable as dementia progresses. This result might suggest that *ApoE* genotype effect is stronger before clinical manifestation of AD, being diluted when the disease appears. Previous EEG studies have assessed the importance of the left hemisphere in early stages of the dementia due to AD. It has been found that alpha coherence in AD patients decreases in temporal, parietal and occipital regions, being more pronounced in left areas \[[@B21-sensors-20-03849]\]. Moreover, spectral analysis of the EEG showed that alterations in early stages of the disease might be more important in left temporal and parietal regions \[[@B69-sensors-20-03849],[@B70-sensors-20-03849]\]. These results are particularly insteresting, since left hemisphere metabolic activity appears to be affected earlier than right one \[[@B51-sensors-20-03849]\]. Our findings support the notion that left hemisphere showed accentuated alterations in early stages before AD development, supporting the important role of the *ApoE* risk allele in the AD neurodegenerative processes. In order to evaluate the genetic effect in these phases, several studies have analyzed the relation between different brain patterns and the presence of *ApoE* risk allele. Gorywala et al. \[[@B71-sensors-20-03849]\] analyzed the small world properties in cognitively normal subjects. They observed that *ApoE*$\varepsilon$4 carriers showed altered connectivity patterns, compared to non-carriers. In addition, *ApoE*$\varepsilon$4 carriers reported a loss of hubs, seen primarily in the MTL, similar to other studies on MCI subjects. In another study, Dennis et al. \[[@B46-sensors-20-03849]\] assessed the influence of the *ApoE*$\varepsilon$4 allele in the functional activation and the connectivity of the MTLs in young adults. They reported that *ApoE*$\varepsilon$4 carriers showed greater activation and reduced connectivity in the MTL than non-carriers, suggesting that $\varepsilon$4 carriers might require additional cognitive efforts than non-carriers in memory-related tasks to keep similar performance. Both studies hypothesized that the effect of the *ApoE* risk allele is more present before AD development, complementing our results from a different point of view.

4.4. Limitations and Future Research {#sec4dot4-sensors-20-03849}
------------------------------------

Several issues have to be taken into consideration in future research. In this regard, a limitation may be the number of *ApoE* $\varepsilon$4 non-carriers (*n* = 151) when compared to carriers (*n* = 66). This may be due to the fact that $\varepsilon$3 allele is the most common allele (77%), and $\varepsilon$4 is only present at a frequency of ∼15% in the general population \[[@B72-sensors-20-03849]\]. Furthermore, control carrier subgroup is formed by 6 subjects, whereas 10, 17, 17, and 16 patients have been analyzed in MCI, AD${}_{MIL}$, AD${}_{MOD}$, and AD${}_{SEV}$ carrier groups, respectively. This issue may be due to the higher percentage of *ApoE*$\varepsilon$4 alleles among AD patients (∼40%) \[[@B72-sensors-20-03849]\]. In addition, we suggest that longitudinal studies of cognitively normal and MCI subjects could be included in future work, in order to check which patients progress to AD and to verify whether *ApoE* gene is involved in this process. Finally, since AD is considered a disconnection syndrome, we aim to conduct connectivity EEG analyses to evaluate the effects of *ApoE* genotypes in neural systems interconnection.

5. Conclusions {#sec5-sensors-20-03849}
==============

In this study, the influence of *ApoE* $\varepsilon$4 allele on the EEG complexity along the AD continuum was analyzed. Our results suggest that the complexity reduction associated with AD progression occurs in both $\varepsilon$4 carrier and non-carrier subgroups. However, EEG complexity patterns were statistically different between HC carriers and HC non-carriers, specially in left temporal region. This finding might be associated with a possible risk of dementia years before its clinical manifestation. These results highlight the relationship between EEG complexity and the presence of the *ApoE* risk allele in previous stages of dementia due to AD, which may be used to identify potential early AD biomarkers.
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![Global LZC distribution along AD continuum: in red, *ApoE* $\varepsilon$4 non-carrier subgroups; in blue, *ApoE*$\varepsilon$4 carrier subgroups. Statistically significant differences are indicated in the figure (\*: differences along the AD continuum, *p*-value \< 0.05; †: differences between $\varepsilon$4 carrier and non-carrier subjects, *p*-value \< 0.05, Mann--Whitney *U*-test).](sensors-20-03849-g001){#sensors-20-03849-f001}

![Lempel--Ziv complexity measured on each ROI for non-carrier and carrier subjects. Left diagrams represent average LZC values for *ApoE* $\varepsilon$4 non-carrier groups, whereas right diagrams depict average LZC values for *ApoE*$\varepsilon$4 carrier groups. (**a**) LZC values for HC subjects; (**b**) LZC values for MCI patients; (**c**) LZC values for AD${}_{MIL}$ patients; (**d**) LZC values for AD${}_{MOD}$ patients; (**e**) LZC values for AD${}_{SEV}$ patients.](sensors-20-03849-g002){#sensors-20-03849-f002}

![Average differences in the left temporal ROI between LZC values of *ApoE* $\varepsilon$4 non-carrier and carrier subjects along the AD continuum. Differences between LZC values are computed as: 100 × (non-carrier value − carrier value)/carrier value.](sensors-20-03849-g003){#sensors-20-03849-f003}
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###### 

Socio-demographic and clinical data of the analyzed subjects, according to their *ApoE* $\varepsilon$4 dose. ${}^{a}$ Age (mean ± standard deviation); ${}^{b}$ MMSE score (mean ± standard deviation).

                 *ApoE*$\mathbf{\mathbf{\varepsilon}}$4 Non-Carriers   *ApoE*$\mathbf{\mathbf{\varepsilon}}$4 Carriers                                                                                              
  -------------- ----------------------------------------------------- ------------------------------------------------- ---------------------- --------------- ----- ---------------------- ---------------------- ---------------
  Group          *N*                                                   Age ${}^{a}$ (years)                              Gender (Male:Female)   MMSE ${}^{b}$   *N*   Age ${}^{a}$ (years)   Gender (Male:Female)   MMSE ${}^{b}$
  HC             40                                                    79.32 ± 7.25                                      21:19                  28.77 ± 1.12    6     83.33 ± 7.34           3:3                    29.00 ± 1.26
  MCI            39                                                    85.41 ± 7.08                                      11:28                  23.18 ± 3.11    10    83.70 ± 6.83           4:6                    24.00 ± 1.76
  AD${}_{MIL}$   28                                                    79.86 ± 7.53                                      11:17                  22.89 ± 2.45    17    80.41 ± 4.81           8:9                    22.29 ± 2.02
  AD${}_{MOD}$   27                                                    82.26 ± 8.49                                      4:23                   13.11 ± 2.99    17    79.29 ± 7.90           3:14                   14.65 ± 2.55
  AD${}_{SEV}$   17                                                    80.59 ± 7.88                                      4:13                   2.94 ± 3.78     16    81.00 ± 6.00           1:15                   3.87 ± 4.22
